Abstract A study on the performance of an Anaerobic Baffled Reactor(ABR) as a hydrolysis-acidogenesis unit in treating the mixed wastewater of landfill leachate and municipal sewage in different volumetric ratios was carried out. The results showed that ABR substantially improved the biological treatability of the mixed wastewater by increasing its BOD 5 /COD ratio to 0.4-0.6 from the initial values of 0.15-0.3. The formation of bar-shaped granular sludge of 0.5-5 mm both in diameter and length with an SVI of 7.5-14.2 ml/g was observed in all compartments of the ABR when the organic loading rate reached 4.71 kgCOD/m 3 · d. The effects of the ratios of NH 4 + -N/COD and COD/TP in mixed wastewater on the operational performance were also studied, from which it was found that a reasonable NH 4 + -N/COD ratio should be lower than 0.02, and the phosphorus supplement was needed when the volumetric ratio was higher than 4:6 for stable operation of ABR.
Introduction
The sanitary landfill is one of the most commonly employed methods for ultimate disposal of municipal solid wastes either in China or abroad. When the solid waste is disposed of in this way, some problems arise, of which the most important one is caused by run-off infiltration and the subsequent movement of leachate out of the landfill into the groundwater aquifer. The leachate often contains a considerably high concentration of organic and inorganic substances, and its characteristics and biological treatability vary remarkably according to site difference, seasonal change and the age of the landfill. As the landfill enters the methanogenic phase, the content of volatile fatty acids (VFA) and other readily biodegradable compounds in the leachate decreases with the age of the landfill dramatically, and then the residual organic substances are dominated by refractory compounds such as humic and fulvic acids, leading to a BOD 5 /COD ratio even lower than 0.1 as shown in Table 1 (Chian and DeWalle, 1976; Ragle et al., 1995; Scott, 1981) .
At present, a common solution is to treat the leachate mixed with the municipal sewage in the municipal sewage treatment plant(MSTP). But because of the low BOD 5 /COD ratio, the complex composition and the high strength of leachate, this solution has been questioned due to the concern over the effects of leachate on the biological treatment process (Welander et al., 1998) . Many investigators have reported that the physico-chemical and/or anaerobic pretreatment is necessary whether the leachate is treated on site or in a municipal sewage treatment plant (MSTP) mixed with municipal sewage (Robinson, 1992; Shen 1998a; Sletten et al., 1995; Wang et al., 1997) . In view of the poor biodegradability of the leachates especially those from the aged landfills, the application of anaerobic hydrolysisacidogenesis pretreatment is of benefit to the increase of the BOD 5 /COD ratio of the wastewater, and subsequently improves the stable and effective operation in the treatment of leachate mixed with the municipal sewage in a MSTP. The effectiveness of anaerobic hydrolysis-acidogenesis pretreatment in improving the biodegradability of those wastewaters containing high molecular weight and refractory compounds has been widely investigated (Kuhn, 1985; Kupferle et al., 1995; Rinzema et al., 1994) .
The objective of this study is to research the performance of anaerobic pretreatment with hydrolysis-acidogenesis to treat leachate mixed with municipal sewage at bench scale. The anaerobic baffled reactor (ABR) was used in the study as a hydrolysis-acidogenesis treatment unit.
The ABR is a novel process unit with a series of vertical baffles, which form a number of upflow and downflow compartments to make wastewater flow under and over them as it passes from the inlet to the outlet (Figure 1 ), and form a desirable hydraulic flow pattern with a high volumetric utilization rate in the ABR, very little loss of biomass from the ABR, a high reaction rate per unit volume of the reactor (Bachmann, et al., 1985; Grobicki and Stuckey, 1992) and stable operation (Nachaiyasit and Stuckey, 1997a; 1997b) . In addition, the ABR is simple and cheap to be constructed, since there are no moving parts or mechanical mixing devices. The performance of the ABR has been reported in treating different high strength wastewater by several investigators (Boopathy et al., 1988; Boopathy and Tilche, 1991) . Besides, a micro-ecosystem was observed in the ABR, which forms a dominant microbic community adapting to the characteristics of wastewater flowing into different compartments of the ABR (Shen, 1998b) .
Materials and methods

Wastewater characteristics
The leachate used in this study was from the Qizishan Landfill, Suzhou, Jiangsu, which was put into operation in 1993, receiving both household and industrial solid wastes. The daily amount of the waste disposed at the time of study was 600-800 tons, and the leachate produced between 580-1200 m 3 /d, depending upon the weather, was collected in an equalization tank with a volume of 25,000 m 3 and flows by gravity into a pumping station, where the leachate was taken for this experiment. The municipal sewage used in this study was taken from Suzhou Chengxi Wastewater Treatment Plant. The main characteristics of the leachate and municipal sewage are listed in Table 2 . The anaerobic baffled reactor(ABR)
The ABR model was made of plexiglass as shown in Figure 1 , which was separated by three vertical baffles to form 4 upflow compartments, and four other vertical baffles with inclined (45º) footband that is 0.2 metres above the bottom along with the above mentioned vertical baffles forming four downflow diversion channels. The total effective volume of the ABR was 13.2 litres. The effective volume of the first compartment was 3.0 litres, and the three other ones were 3.4 litres respectively. The gas phase in each compartment was collected separately to measure the gas production. The influent, i.e. the mixed wastewater in different ratios of landfill leachate(V L ) to municipal sewage(V M ), was pumped by a variable-speed peristaltic pump through four inlets evenly distributed across the section of the ABR. The pipe collecting the biogas was connected to a hydraulic seal to keep the anaerobic condition of the reactor, and a glass U-tube was connected to the effluent line to prevent air from entering the last compartment of the ABR. In order to examine the performance characteristics at room temperature, no temperature control was made and the room temperature during the experiments was 18.0-27.5ºC.
Operational procedure and analysis
The operation of the ABR was initially started with inoculation of anaerobic sludge of 10-15 g/L in each compartment and municipal sewage until the steady state was achieved, and then operated with the feed streams composed of leachate and municipal sewage in different volumetric ratios of V L :V M =1:9, 2:8, 4:6, 5:5, 6:4 to assess the operational performance in the case of treating two different types of raw leachate with COD concentrations of 3700-5500 and 6500-8885 mg/L respectively. The hydraulic retention times(HRT) of the ABR were controlled in the range of 13.2-26.4 hours during the experiments. Among the analytical parameters are COD, BOD 5 , pH, NH 4 + -N, TP, MLSS, and MLVSS, which were carried out immediately after sampling in accordance with the standard methods proposed by NEPA of China (NEPA, 1997) . Based on the analytical data, the performance of ABR in the improvement of the BOD 5 /COD ratio, the effect of NH 4 + -N/COD COD/TP and V L :V M ratios on the operation of ABR, and the characteristics and the distributions of granular sludge in different compartments were studied separately.
Results and discussion
The BOD 5 /COD ratio variation
The BOD 5 /COD ratio is one of the main indexes of the biodegradability of wastewater. The results of variations of the BOD 5 /COD ratio before and after the treatment of mixed wastewater by ABR during the experiments is shown in Figure 2 , from which it was found that the BOD 5 /COD ratio increased remarkably in the effluent, and much more increase of this ratio was observed in the case of lower initial BOD 5 /COD ratio. For example, when the initial BOD 5 /COD ratio was 0.2-0.3, it increased to 0.4-0.6. The increase of the BOD 5 /COD ratio could improve the biodegradability and operational performance for further treatment of mixed wastewater by conventional aerobic treatment process in a MWTP (Shen, 1998a) . The increase of BOD 5 /COD ratio in the effluent was the result of hydrolysis and acidogenesis taking place in the ABR. The effects of the V L :V M ratio of the mixed wastewater, the raw leachate COD concentration and HRT of the ABR on the BOD 5 /COD ratio variations were observed. Under the conditions of low V L :V M ratio of the mixed wastewater, e.g. 1:9 and 2:8, and the raw leachate COD concentration of 3700-5500 mg/L, a remarkable increase of BOD 5 /COD ratio took place, which indicated that mainly the hydrolysis-acidogenesis took place in the ABR caused by the relatively low influent organic concentration, with insignificant or even no methanogenesis, i.e. 6500-8885 mg/L, the gradually obvious methanogenesis was found by observing the biogas production in compartments 3 and 4, which led to a difference between the apparent and real acidogenesis of the ABR and hence the relatively lesser increase in BOD 5 /COD ratio in the effluent. Besides, it was found that the BOC 5 augment by hydrolysis-acidogenesis was directly proportional to the HRT. The variation of COD removal with the influent ratio of NH 4 + -N to COD is shown in Figure  4 . The sensitive response of COD removal to the variation of influent NH 4 + -N/COD ratio was found and the adverse affect would occur when the ratio of NH 4 + -N to COD was over 0.2. It was suggested that the reasonable NH 4 + -N to COD ratio of the influent should be controlled between 0.05-0.2. Besides, it was found that the COD removal varied from -5% to 40% in most cases during the experiments.
Shown in Figure 5 is the variation of COD removal with the influent COD/TP ratio during the experiments. The phosphorus shortage problem was observed when the V L :V M ratio reached 5:5, which led to the COD/TP ratio as high as 500-1000, and phosphorus supplement was made to adjust this ratio between 50-200. The stable operation of ABR reactor in view of the BOD 5 /COD ratio in its effluent was obtained after TP adjustment and a stable COD removal was reached when the COD/TP was as high as 437.4, which means that the operation of ABR as the anaerobic hydrolysis-acidogenesis treatment unit was not very sensitive to the changes of influent COD/TP ratio.
Influent organic load Figure 6 shows the relationship between the influent organic loading rate and COD removal at different V L :V M ratios, which indicated that the COD removal increased with the organic loading rate and, at the same time, the increase rate declined as shown by the dotted line in Figure 6 . On the other hand, the removal of COD with different V L :V M ratios appeared to decrease followed by increase. This can be explained as follows: at the low V L :V M , the characteristics of the mixed wastewater were basically similar to the municipal sewage and most of the organic matter existing was easily biodegradable, which subsequently led to hydrolysis and acidification, and even methanogenesis in the ABR, thus causing a rapid removal of BOD 5 and COD. With the increase of V L :V M , the Figure 7 The size distribution of granular sludge in different compartments of ABR concentrations of high molecular or refractory organic compounds accordingly increased as well, the hydrolysis became apparent and played an important part in transforming those refractory organic matters into easily biodegradable ones, thus resulting in the increase of BOD 5 and hence the obvious increase of BOD 5 and COD ratio in the effluent. However, with a further increase of the V L :V M ratio, not only the hydrolysis and acidogenesis became apparent, but so also did the methanogenesis, which led to the reduction of BOD 5 and COD in the effluent of the ABR. These results demonstrated that the ABR functioned better at the relatively high V L :V M ratio than the hydrolysis-acidogenesis unit in treating the mixed wastewater of landfill leachate and municipal sewage.
Characteristics of sludge in the ABR
The granulation of sludge not only improves the settling characteristics and prevents the biomass from washing out, but also improves the adaptability of biomass to the variation of environmental conditions, such as influent flow and quality, pH, and temperature, which could lead to a stable and effective operation. Many investigations on the granulation of sludge in anaerobic reactors like an upflow anaerobic sludge blanket reactor have been reported (Kosaric et al., 1990) . The characteristics of granular sludge depend on the characteristics of the raw wastewater and the operational conditions and purposes of the treatment, and black, grey and greyish white granular sludge have been observed (Boopathy et al., 1988; Grotenhuis et al., 1991) . In this study, the greyish white to dark grey bar-shaped sludge granules with a size of 0.5-5 mm both in length and diameter in all of the four compartments of the ABR were found. The approximate size distribution of the sludge granules in different compartments is shown in Figure 7 . The larger average size of the sludge granules being in compartment 2 and 3 and the numbers of the sludge granules with a size of 1-2 mm and 3-4 mm accounted for about 30%, 40% and 45%, 35% in these two compartments respectively. The average SVI of the sludge granular was 7.5-14.2 ml/g, which means it has superb settleability. The microscopic examination revealed that both the Methanosarcina sp. and Methanothrix sp. existed in the granular sludge of compartment 2 and the dominant species of anaerobic microbes in compartments 3 and 4 were Methanosarcina sp. and Methanothrix sp., respectively.
The granular sludge concentrations in different compartments of ABR were apparently different, the highest concentration of 37.96 g/L was found in compartment 3 and the concentrations of bar shaped granular sludge in compartments 1, 2 and 4 were 20.0 g/L, 28.03 g/L and 24.0 g/L respectively, which indicated that effective hydrolysis took place in compartment 1, then gradually strong acidification took place in compartments 2 and 3. Besides, the gradually obvious production of biogas in compartments 3 and 4 was observed both in the cases of low V L :V M ratio of 1:9 and higher V L :V M ratio of 5:5 and 6:4.
Conclusions
The ABR as a pretreatment unit for hydrolysis-acidogenesis is very effective and efficient in treating the mixed wastewater of landfill leachate and municipal sewage, because of its substantially improving the biodegradability of the wastewater, which could facilitate the further aerobic treatment. After this pre-treatment the BOD 5 /COD ratio of the mixed wastewater increased to 0.4-0.6 from its initial of 0.2-0.3 at different volumetric ratios of leachate to municipal sewage. The COD removal of the ABR was sensitively affected by the initial NH 4 + -N/COD ratio, and the reasonable ratio should be controlled in the range of 0.05-0.2. The bar-shaped granular sludge was formed in all the compartments of the ABR with sizes of 0.5-5 mm and an SVI of 7.5-14.2 ml/g at an organic loading rate of 4.71 kgCOD/m 3 · d. The maximum of the granular sludge concentration of 37.96 g/L in compartment 3 was observed, which indicated that the hydrolysis and acidifiction took place well in compartments 1 and 2.
